We have assessed (1), whether six agents, that either inhibit free radical formation or scavenge free radicals once they are produced, can reduce the incidence of reperfusion-induced arrhythmias, (2) whether a free radical-generating system (FeCb • adenosine diphosphate) can increase the incidence of reperfusion-induced arrhythmias, and (3) whether "anti-free radical* interventions can reduce reperfusion rhythm disturbances caused by the addition of FeCl 3adenosine diphosphate. With the isolated, perfused rat heart (n = 15 in each group), inclusion of L-methionine (1 and 10 HIM), superoxide dismutase (2.5 X 10 4 and 1 X 10 5 U/liter), catalase (5 X 10", 5 X 10 5 , and 1 x 10 6 U/liter), mannitol (50 ITIM), glutathione (10 fiM), or desferrioxamine (150 fiM) significantly reduced the incidence of reperfusion-induced ventricular fibrillation and, in many cases, the incidence of reperfusion-induced ventricular tachycardia. The mean duration of sinus rhythm during reperfusion was also increased significantly. Perfusion of hearts with boiled superoxide dismutase (1 X 10 5 U/liter) or boiled catalase (1 x 10 6 U/liter) did not decrease arrhythmias. Conversely, under conditions where, in the control group, the incidence of reperfusion arrhythmias was lowered by increasing perfusate potassium to 6.5 ITIM, the addition of the free radical-generating system FeCU • adenosine diphosphate (0.1 /iM-1 /AM) to the perfusion fluid increased dramatically the incidence of reperfusion-induced ventricular fibrillation and tachycardia. Simultaneous perfusion with FeCl 3 • adenosine diphosphate and superoxide dismutase (1 x 10 5 U/liter), catalase (1 X 10 6 U/liter), mannitol (50 HIM), methionine (10 HIM), or desferrioxamine (150 /IM) again reduced the incidence of reperfusion-induced arrhythmias and increased the duration of normal sinus rhythm during the reperfusion phase. Thus, addition of six "antifree radical" interventions reduced the incidence of reperfusion-induced arrhythmias, addition of a free radical-generating system increased the incidence of reperfusion-induced arrhythmias, and simultaneous perfusion of the hearts with FeCl 3 • adenosine diphosphate and "anti-free radical" interventions again reduced reperfusion rhythm disturbances. These results are further evidence supporting the hypothesis that oxygen-derived free radicals play an important role in the genesis of reperfusion-induced arrhythmias. (Circ Res 58: 331-340, 1986) 
WE have suggested recently that xanthine oxidase-derived free radicals, in particular the superoxide radical (O2 7 ), may play an important role in the genesis of reperfusion-induced arrhythmias. In support of this, in a recent study (Woodward and Zakaria, 1985) , it was found that addition of either superoxide dismutase or catalase to the isolated, perfused rat heart reduced the incidence of reperfusion-induced ventricular fibrillation. It is well established that during ischemia, the concentration of hypoxanthine increases substantially due to the degradation of adenine nucleotides (Jennings et al., 1981) . In addition, there is an ischemia-induced conversion of xanthine dehydrogenase to xanthine oxidase (Chambers et al., 1985) . Upon reperfusion, with the return of large amounts of molecular oxygen (the remaining substrate for xanthine oxidase), there may be enhanced production of oxygen-derived free radicals. This production of oxygen-derived free radicals by xanthine oxidase may then overload the cells' natural scavenging mechanisms (McCord, 1984) , causing cellular damage. This may compromise membrane ion pump activity and lead to local electrophysiological derangements that trigger serious ventricular arrhythmias.
In support of the above hypothesis, we have shown that administration of the xanthine oxidase inhibitor, allopurinol, is effective in preventing reperfusion-induced ventricular fibrillation in the rat with transient coronary artery occlusion. However, a definitive association between xanthine oxidase activity and arrhythmogenesis could not be made for several reasons. First, we had not measured or demonstrated any inhibition of xanthine oxidase activity by allopurinol. Sec-ond, allopurinol may be beneficial by other mechanisms unrelated to free radical production. Third, there were no measurements demonstrating that free radicals were actually produced during reperfusion. Due to these limitations, we have further investigated the possible involvement of free radicals in the production of reperfusion-induced arrhythmias. We have done this by three approaches. First, we studied the effect of the addition to the coronary perfusion fluid of six agents known to be free radical scavengers or to inhibit free radical production (superoxide dismutase, catalase, methionine, glutathione, mannitol, and desferrioxamine). Second, we have assessed the ability of the free radical-generating system FeCl 3 • adenosine diphosphate (ADP) to promote reperfusion-induced arrhythmias. Third, we have studied the ability of the "anti-free radical" interventions studied above, to reduce the incidence of reperfusion-induced arrhythmias caused by the addition of FeG 3 ADP.
All studies have been carried out in the isolated, perfused rat heart preparation with transient coronary artery occlusion.
Methods

Animals
Male Wistar rats (220-280 g body weight) were used for all studies.
Perfusion Technique and Perfusion Media
Animals were anesthetized with diethyl ether, and sodium heparin (200 U) was injected intravenously. Thirty seconds later, hearts were excised and placed in ice-cold, perfusion medium until contraction had ceased (approximately 15 seconds). Each heart then was cannulated via the aorta and perfused in the Langendorff mode (Langendorff, 1895) at a constant perfusion pressure equivalent to 100 cm H 2 O (7.8 kPa). Under these conditions, coronary flow was approximately 13 ml/min per g wet weight. Krebs-Henseleit bicarbonate buffer, pH 7.4, (containing 11.1 mM glucose, 4.3 rriM K + , and 2.5 nun Ca ++ ) was the standard perfusion fluid (Krebs and Henseleit, 1932) . This was gassed with 95% oxygen plus 5% carbon dioxide. Prior to use, the perfusion fluid was filtered through a cellulose acetate membrane (5.0 nm pore size).
Experimental Time Course
Hearts were perfused for an initial 10-minute period. At the end of this time, a ligature was placed around the left anterior descending coronary artery close to its origin. Both ends of the ligature were passed through a small plastic cylinder which was then pressed against the artery. The resulting arterial occlusion was maintained for 10 minutes by clamping the plastic cylinder and ligature. At the end of the 10-minute period of coronary occlusion, we reperfused the artery by removing the clamp and the tube. Reperfusion rhythm disturbances were then monitored for 3 minutes.
Addition of Pharmacological Interventions
The following compounds were included separately in the perfusion medium throughout the experimental time course: L-methionine (1 and 10 mM), superoxide dismutase Circulation Research/Vo/. 58, No. 3, March 1986 (EC 1.2.3.2, 2.5 X 10 4 and 1 X 10 5 U/liter, Pharmacia), catalase (EC 1.11.1.6, 5 X 10 4 , 5 x 10 5 , and 1 X 10 6 U/ liter, Sigma), reduced glutathione (10, 100, and 1000 HM), mannitol (5 and 50 mM), desferrioxamine (15 and 150 /*M, Ciba-Geigy), and FeCl 3 -ADP (0.1 ^M F e C l 3 l /XM ADP, 1 liM FeCl 3 -10 nM ADP, 10 jtM FeCl 3 -100 HM ADP).
Indices Measured and Evaluation of Rhythm Disturbances
An epicardial ECG recording was obtained via two silver electrodes attached to the heart and the ECG trace was permanently recorded on a Gould Physiograph. Heart rate (calculated from the ECG trace) and coronary flow were recorded at 5-minute intervals.
High-speed electrocardiograms were analyzed for: (1), the number of premature ventricular complexes (PVC); (2), the incidence and duration of ventricular fibrillation (and also whether fibrillation was spontaneously reversible or whether hearts remained in irreversible fibrillation); and (3), the incidence and duration of ventricular tachycardia (defined as five or more consecutive PVC). In addition, we have quantified the total time during which each heart remained in normal sinus rhythm during the reperfusion phase.
Tests of Statistical Significance
Durations of ventricular fibrillation, ventricular tachycardia, and normal sinus rhythm, and the number of premature ventricular complexes (PVC) were expressed as the means ± SEM. A one-way analysis of variance was first carried out to test for any differences between the mean values of all groups. If a difference was established, each of the drug-treated groups was compared with the control group using the unpaired (-test. Since up to 14 unpaired f-tests were carried out, in order to avoid spurious findings and to maintain an overall type I error rate of 5%, only results giving P values below 0.01 were considered significant.
An analogous procedure was followed for distributions of discrete variables (e.g., ventricular fibrillation). An overall x 2 test for a 2 X n table was constructed, followed by a sequence of 2 X 2 x 2 tests using the Yates correction, in order to compare individual groups.
Results
Choice of Duration of Ischemia
We, and others (for review, see , have shown that, in a number of species, vulnerability to reperfusion-induced arrhythmias is critically dependent upon the duration of the preceding period of ischemia. Thus, in attempting to assess the ability of any agent to modify the severity of reperfusion arrhythmias, the selection of the duration of preceding ischemia is critical. For the present study, we selected a 10-minute period of ischemia followed by a 3-minute period of reperfusion. This choice was based on an earlier characterization study using the isolated, perfused rat heart , in which we demonstrated that reperfusion after a 10-to 15-minute period of ischemia resulted in the highest incidence of rhythm disturbances. Furthermore, we demonstrated that most reperfusion-induced arrhythmias occurred within the first 3 minutes of reperfusion (normally within 30-40 seconds). Table 1 shows that, in control hearts, reperfusion after 10 minutes of coronary artery occlusion resulted in 80% (12 of 15) of the hearts exhibiting ventricular fibrillation, and for 75% of those that fibrillated (9 of 12), fibrillation was irreversible. The incidence of ventricular tachycardia was also high (12 of 15), as was the number of premature ventricular complexes (212 ± 119). As would be expected with this high incidence of arrhythmias, the total duration of normal sinus rhythm during the 3-minute reperfusion period was extremely short, only 59 ± 22 seconds.
Effects of "Anti-Free Radical" Interventions
Superoxide Dismutase
Shown in Table 1 is the effect of superoxide dismutase (2.5 X 10 4 and 1 X 10 5 U/liter) on reperfusion-induced arrhythmias. The incidence of reperfusion-induced ventricular fibrillation was signifi-cantly reduced in both cases, from 80% to 27% and 0% (P < 0.001), respectively. The incidence of irreversible ventricular fibrillation was similarly reduced, from 60% to 13% and 0% (P < 0.01), respectively. Associated with this reduction in rhythm disturbances was an increase in the total duration of normal sinus rhythm during the 3 minutes of reperfusion from 59 ± 22 seconds to 150 ± 6 seconds (P < 0.01) and 175 ± 2 seconds (P < 0.001), respectively.
Heart rate (see Table 2 ), both before and during coronary artery occlusion, was unaltered by either activity of superoxide dismutase. Whereas the lower superoxide dismutase activity increased coronary flow prior to coronary occlusion from 12.7 ± 0.4 ml/min to 14.8 ± 0.4 ml/min (P < 0.01), the higher activity had no significant effect on coronary flow measurements. Table 1 is the effect of catalase on reperfusion-induced arrhythmias. All three activities 
Catalase
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Effects of Superoxide Dismutase (SOD), Catalase, Mannitol, Methionine, Glutathione, and Desferrioxamine on Reperfusion-induced Arrhythmias in the Isolated, Perfused Rat Heart with Transient Coronary Artery Occlusion (n = 15 in each group)
' Control SOD 2.5 x 10 4 U/liter 1 X 10 5 U/liter Catalase 5 X 10 4 U/liter 5 X 10 5 U/liter 1 X 10 6 U/liter The total number of premature ventricular complexes (PVC) and the time in normal sinus rhythm are shown as the mean ± SEM. Symbols indicate a significant difference from the control group at the level of:
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Results are expressed as mean ± SEM. Symbols indicate a significant difference from the control group at the level of: • P < 0 . 0 1 ; \P< 0.001. of catalase (5 X 10", 5 X 10 5 , and 1 X 10 6 U/liter) reduced the incidence of reperfusion-induced ventricular fibrillation [from 80% to 27%, 13% (P < 0.001) and 7% (P < 0.001), respectively], and 5 X 10 5 and 1 X 10 6 units/liter catalase completely prevented any irreversible ventricular fibrillation (P < 0.01). Similarly, the incidence of ventricular tachycardia was reduced from 80% in control hearts to 40%, 27%, and 27%, respectively [not significant (NS)].
Although catalase also reduced the mean number of PVC, e.g., 212 ± 119 to 30 ± 11 by 1 X 10 6 U/ liter catalase, this did not reach a level of statistical significance, due to the large standard deviation associated with the control hearts. One further indication of a beneficial antiarrhythmic action was that hearts exhibited a longer total duration of normal sinus rhythm during reperfusion. All three activities of catalase increased this approximately 3fold, for example, 5 X 10 5 U/liter catalase increased this duration from 59 ± 22 to 176 ± 2 seconds (P < 0.001). Table 2 shows that the addition of catalase had no effect on heart rate. Coronary flow was increased by all activities of catalase, such that after 10 minutes of coronary artery occlusion, catalase at an activity of 5 X 10 s U/liter increased flow by approximately 30% (from 7.2 ± 0.3 to 10.1 ± 0.4 ml/min, P < 0.001).
Mannitol
Although 5 mM mannitol had no significant effect on reperfusion-induced arrhythmias, the addition of 50 mM mannitol greatly reduced the incidence of reperfusion-induced arrhythmias, such that the incidence of ventricular fibrillation fell from 80% to 7% (P < 0.001) and ventricular tachycardia from 80% to 40% (NS). Like catalase, 50 mM mannitol increased the total duration of normal sinus rhythm during the 3-minute reperfusion period (from 59 ± 22 to 168 ± 11 seconds, P < 0.001).
Mannitol caused no change in heart rate at either concentration (Table 2) . Coronary flow was increased by both concentrations of mannitol (e.g., from 12.7 ± 0.4 to 14.7 ± 0.5 ml/min by 5 mM mannitol, P < 0.01) prior to coronary artery occlusion. Table 1 shows that both 1 and 10 mM L-methionine caused substantial reductions in the incidence of reperfusion-induced ventricular fibrillation (from 80% to 13% and 7%, respectively, P < 0.001 in both cases) and tachycardia. This resulted in a 3-fold increase in the total duration of normal sinus rhythm during reperfusion (from 59 ± 22 to 168 ± 12 seconds (P < 0.001) and 177 ± 2 seconds (P < 0.001), respectively).
Heart rate and coronary flow both remained unaltered by the addition of L-methionine (Table 2) .
Glutathione
As with L-methionine, 10 HM glutathione reduced substantially the incidence of reperfusion-induced arrhythmias (see Table 1 ). Thus, the incidence of reperfusion-induced ventricular fibrillation was reduced from 80% to 20% (P < 0.01), irreversible ventricular fibrillation fell from 60% to 7% (P < 0.01), and ventricular tachycardia tended to be reduced from 80% to 27%.
Associated with this decrease in the incidence of arrhythmias was a large increase in the total duration of normal sinus rhythm during reperfusion (59 ± 22 seconds to 165 ± 12 seconds, P < 0.001). Interestingly, glutathione's protective action declined with increasing concentration, such that 1 mM glutathione was ineffective (80% hearts exhibited ventricular fibrillation in both groups).
As shown in Table 2 , glutathione caused a small decrease in heart rate prior to coronary artery occlusion. However, the significance was lost upon coronary artery occlusion. In addition, there was an increase in coronary flow with all concentrations of glutathione such that during coronary artery occlusion this was increased from approximately 7 ml/ min to approximately 10-11 ml/min.
Desferrioxamine
As shown in Table 1 , although desferrioxamine at a concentration of 15 ^M had no significant effect on reperfusion-induced arrhythmias, there was a dramatic reduction in rhythm disturbances when added to the perfusate at a 10-fold higher concentration (150 nu). The incidence of ventricular fibrillation was reduced from 80% to 7% (P < 0.001), irreversible fibrillation from 60% to 7% (P < 0.01) and the duration of normal sinus rhythm was increased approximately 3-fold from 59 ± 22 to 164 ± 12 seconds (P < 0.001).
As shown in Table 2 , there was no alteration of heart rate, but coronary flow was increased. For example, by the higher concentration of desferrioxamine (150 ^M), flow increased from 12.7 ± 0.4 to 14.3 ± 0.4 ml/min (P < 0.01) prior to coronary artery occlusion and from 7.2 ± 0.3 to 9.0 ± 0.3 ml/ min (P < 0.001) after 10 minutes of coronary artery occlusion. Table 3 shows the effects of boiled superoxide dismutase (1 X 10 5 U/liter) and catalase (1 X 10 6 U/ liter) on reperfusion-induced disturbances. Neither addition to the perfusion medium had any significant effect on rhythm disturbances or total duration of normal sinus rhythm during the 3-minute reperfusion phase.
Boiled Superoxide Dismutase and Catalase
Effects of Addition of a Free Radical-Generating System
The incidence of arrhythmias during reperfusion in the control hearts in the preceding series of studies (see Table 1 ) would be too high to allow us to demonstrate any increase in rhythm disturbances caused by the addition of any arrhythmogenic agent to the perfusion medium. To surmount this problem, we exploited a procedure used in other studies (Lubbe et al., 1978; Woodward and Zakaria, 1983) and lowered the vulnerability to arrhythmias in the control group of hearts, by increasing the concentration of K + in the perfusion medium from 4.3 to 6.5 mM. The effect of raised K + concentration on the incidence of reperfusion arrhythmias is shown in Table 4 .
The incidence of ventricular fibrillation was reduced, from 80% to 20% (P < 0.01), irreversible 
Effects of Boiled Superoxide Dismutase (SOD) and Boiled Catalase on Reperfusion-induced Arrhythmias in the Isolated, Perfused Rat Heart with Transient Coronary Artery Occlusion (n : 15 in each group)
Control (4.7 mM K + ) 1 X 10 5 U/liter boiled SOD 1 x 10 6 U/liter boiled catalase fibrillation tended to be reduced from 60% to 13%, ventricular tachycardia from 80% to 33%, and the total duration of normal sinus rhythm during reperfusion was consequently increased from 59 ± 22 seconds to 151 ± 16 seconds (P < 0.01). Thus, with the raised K + concentration in the perfusion medium and the decreased baseline for the incidence of arrhythmias, it is feasible to demonstrate any increase in reperfusion arrhythmias that may be caused by the addition to the perfusion medium of the free radical-generating system, FeCl 3 -ADP. Table 5 shows the effects of three concentrations of FeG 3 ADP on the incidence of reperfusion-induced arrhythmias. At all concentrations studied, we observed substantial increases in the incidence of ventricular fibrillation, (for example from 20% to 93%, P < 0.001 by 0.1 MM FeCl 3 -l m ADP), and the incidence of ventricular tachycardia (from 33% to 100%, P < 0.001, by 0.1 MM FeCl 3 -l MM ADP). Associated with this increase in rhythm disturbances was a decrease in the total duration of normal sinus rhythm during reperfusion, such that the lowest concentration used of FeCl 3 ADP decreased this value from 151 ± 16 seconds to 52 ± 18 seconds (P < 0.001).
Only the highest concentration of FeCl 3 • ADP affected heart rate (Table 6) , causing a decrease of approximately 30%. Coronary flow was increased by approximately 25% by the lowest concentrations of FeCl 3 • ADP, both before and during the ischemic period. The highest concentration studied had no effect on coronary flow. Also shown in Table 5 is the effect of ADP (1 MM) alone on reperfusion-induced rhythm disturbances. ADP without FeCl 3 caused no significant alterations in rhythm disturbances compared to the control group (with 6.5 mM K + ). In addition, ADP alone did not affect heart rate (Table 6) , but caused a significant increase in coronary flow during ischemia (e.g., from 9.5 ± 0.4 to 12.6 ± 0.4 ml/min, P < 0.01, after 5 minutes of ischemia). Table 7 shows the effects of the most potent concentrations or activities of the "anti-free radical" interventions studied earlier, on reperfusion rhythm disturbances caused by the addition of FeCl 3 -ADP. All interventions studied tended to reduce the incidence of reperfusion-induced ventricular fibrillation, from 93% to between 47% and 27%. Only desferrioxamine did not reach a level of statistical significance less than P = 0.01. The incidence of reperfusion-induced ventricular tachycardia was similarly reduced from 100% to between 60% and The total number of premature ventricular complexes (PVC) and the time in normal sinus rhythm are shown as the mean ± SEM. Symbols indicate significant differences at the level of *P < 0.01; ]P < 0.001. ,6 ± 0.6' .8 ± 0.5 10 min 9.3 ± 0.5 12.7 ±0.4* 12.9 ± 0.4* 13.3 ± 0.6* 9.0 + 0.6
Effects of "Anti-Free Radical" Interventions on Reperfusion-induced Arrhythmias Caused by the Addition of FeCl 3 -ADP
Results are expressed as mean ± SEM. * Significant difference from control at the level of P < 0.001. 40% (P normally less than 0.01). The total number of premature ventricular complexes tended also to be lowered from 606 ± 253 to between 155 ± 70 and 46 ± 10 (P normally less than 0.05), and the mean duration of normal rhythm during the 3minute reperfusion phase was increased from 52 ± 18 to between 143 ± 16 and 170 ± 6 (P always less than 0.01). Table 8 shows that, in general, none of these interventions altered heart rate (although mannitol after 10 minutes of ischemia did cause a minor decrease, from 346 ± 13 to 311 ± 11). Coronary flow tended to be decreased before ischemia, but, during the ischemic period, there were no significant alterations.
Discussion
Reperfusion-induced arrhythmias, which can be produced readily in a variety of experimental preparations, are a routinely experienced clinical phenomenon. Thus, regional reperfusion after only minutes of ischemia occurs during the relief of coronary spasm, and this may trigger arrhythmias thought by some (Corr and Witkowski, 1983; Tzivoni et al., 1983) to be a cause of sudden cardiac death. Reperfusion of the whole heart, after tens of minutes, or even hours of ischemia, occurs during cardiac surgery with cardiopulmonary bypass and ischemic cardiac arrest. Again, serious rhythm disturbances, including ventricular fibrillation, are routinely encountered (Robinson et al., 1984) . Reperfusion-induced arrhythmias may also arise during angioplastic or thrombolytic procedures (Goldberg et al., 1983) .
The clinical occurrence and associated hazard of reperfusion arrhythmias, together with the realization of the differences between reperfusion-and ischemia-induced arrhythmias, has provided a considerable stimulus to the investigation of underlying mechanisms. Whereas it is generally acknowledged (Janse, 1982; Bolli et al., 1983, Manning and that reentry circuits, arising as a consequence of heterogeneity of tissue injury, or its recovery, are responsible for the manifestation of various arrhythmias, the initiating molecular triggers are less well established. Whereas disturbances of ionic homeostasis, particularly that of potassium, are undoubtedly responsible for some aspects of arrhythmogenesis, there is still considerable doubt as to the primary mechanism responsible for the membrane injury which allows ionic imbalance to develop. Recently, we and Woodward and Zakaria (1985) have suggested the possibility 152 ± 14f 143 ± 16f The total number of premature ventricular complexes (PVC) and the time in normal sinus rhythm are shown as the mean + SEM. Symbols indicate a significant difference from the control group at the level of *P < 0.01; t P < 0.001. that oxygen-derived free radicals may be involved, particularly during reperfusion. It is well known (Meerson et al., 1982; Rao et al., 1983; Misra et al., 1984, abstract) that active oxygen intermediates, such as superoxide and hydroxyl free radicals, are formed during the early moments of reperfusion, and that these cytotoxic agents can cause extensive membrane damage by lipid peroxidation chain reactions. The likelihood of this occurring during ischemia and reperfusion is increased by virtue of the fact that, under these conditions, natural scavenging processes are depressed and free radical formation processes (e.g., xanthine oxidase activity and the availability of its substrate, hypoxanthine) are enhanced.
In support of an association between free radical production and arrhythmias, we (Manning et al., 1984b) and Woodward and Zakaria (1985) , have provided circumstantial evidence, both in vivo and in vitro, that superoxide dismutase and allopurinol can reduce the vulnerability of the rat heart to reperfusion arrhythmias. The association must be regarded as circumstantial, since the transient existence of free radicals makes their identification and measurement difficult, and interventions such as allopurinol might conceivably afford protection by other mechanisms, such as purine salvage (DeWall et al., 1971) or alterations of coronary flow (Arnold et al., 1980) .
In the present study, we have endeavored to obtain more circumstantial evidence for an involvement of free radicals in the genesis of reperfusioninduced arrhythmias. Figure 1, A and B , shows the significant protection afforded by the most potent concentrations of "anti-free radical" interventions studied. We have tried to strengthen any interpre-tation of the results by selecting widely differing interventions and by studying interventions which should promote, as well as combat, free radical production. Using the isolated, perfused rat heart with regional ischemia, we have been able to show that both mannitol and catalase reduce reperfusion arrhythmias. Both these agents would be expected to reduce the concentration of the hydroxyl radical in the heart (Tien et al., 1982; Woodward and Zakaria, 1985) . This highly toxic radical can arise in cells from hydrogen peroxide and the superoxide radical (produced, for example, by the activity of xanthine oxidase) as a consequence of the Haber-Weiss reaction (Haber and Weiss, 1934) or from hydrogen peroxide as a consequence of the Fenton reaction (Fenton, 1894) . Whereas mannitol, which is nonmetabolizable, may conceivably act via other mechanisms, such as an osmotic effect, it is very difficult to propose such an effect for catalase, especially as boiled catalase was ineffective. The association between arrhythmias, catalase, mannitol, and the hydroxyl radical is further strengthened by our observation that desferrioxamine also reduces reperfusion-induced arrhythmias. Desferrioxamine is an iron-chelating agent, and it is well known that iron is essential for hydroxyl radical production both via the Fenton reaction and the Haber-Weiss reaction. The superoxide radical is also involved in the Fe +++dependent Haber-Weiss reaction and, in our present study, we have confirmed the findings of Woodward and Zakaria (1985) , that superoxide dismutase, the enzyme responsible for catalyzing the dismutation of the superoxide radical to hydrogen peroxide and oxygen, also dramatically reduces the vulnerability of the myocardium to reperfusion arrhythmias and loses its effectiveness when boiled. The circumstantial association between reperfusion arrhythmias and Fe +++ -dependent free radical production is further reinforced by our observation that FeCl 3 • ADP increases the vulnerability of tissue to arrhythmias, and that the further addition of the "anti-free radical" interventions again lowers reperfusion arrhythmias. Finally, we have been able to show that other agents, such as glutathione (Woodward and Zakaria, 1985) and methionine, which are recognized as being able to scavenge free radicals (Dormandy, 1978; Halliwell and Gutteridge, 1985) , are also able to reduce the incidence of reperfusion-induced arrhythmias. Again, it is possible to propose alternative mechanisms of action for the effects of these agents on the myocardium, but the similarity of their ahtiarrhythmic effects to those of other free radical scavengers leads us to favor an involvement of free radical production.
If oxygen-derived free radicals are involved in membrane injury leading to electrophysiological abnormalities and arrhythmias, it is important to question where the radicals are formed and where they exert their cytotoxic action. Ŝ ome indication may perhaps be obtained from our present studies. The protective interventions used in these studies vary enormously with respect to their molecular weight and lipophilicity, and while some, e.g., methionine, might be expected to gain rapid access to the cytoplasm of the myocyte, others, e.g., superoxide dismutase and catalase, would be expected to be restricted to the vascular space. Since intermediates such as the superoxide and the hydroxyl free radical may have very short half-lives and can travel only short distances from their sites of formation, it must be questioned how events occurring in the myocyte could be influenced by scavengers in the vascular space. A possible explanation for the situation may be derived from a study by Jarasch et al. (1981) who demonstrated that the bulk of the myocardial xanthine oxidase is located in the vascular endothelium and not in the myocyte. Thus, superoxide produced in endothelial cells during reperfusion and hydroxyl radicals derived from it via the Haber-Weiss reaction might well cause injury to the endothelium or adjacent contractile or conducting cells, but this could be prevented by scavengers or inhibitors of free radical production which are present in the vascular and extravascular space.
In conclusion, although we have presented further evidence that free radicals may play a role in the genesis of reperfusion arrhythmias, the evidence is circumstantial, and must remain so until techniques such as electron spin resonance can be exploited to identify and measure free radical production in the beating heart. However, we believe that our results do justify further consideration of the role of free radicals in myocardial injury and protection.
